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Industrial subsectors have an important role in reducing China’s carbon dioxide (CO2) emissions. The pre-
sent study analyzes the CO2 emission characteristics of selected subsectors. Results show that the electric
and heat power sector is the major industrial CO2 emitter, and CO2 emissions of most sectors present
huge inter-provincial and inter-regional differences. Then, the CO2 emission reduction responsibility of
provincial-level industrial subsectors is confirmed by the decoupling model. Results show that the devel-
opment of a low-carbon economy in the nonmetal sector is ideal, and the economic growth in Shanxi and
Guizhou is moving toward a low-carbon and energy-saving mode. Moreover, the subsectors that each
province should focus on are identified. Finally, constructive suggestions for policymakers to promote
low-carbon economy and sustainable development are provided.
 2019 Elsevier B.V. All rights reserved.1. Introduction
Global warming, which is mainly caused by an increase of car-
bon dioxide (CO2) concentration in the atmosphere (IPCC, 2007;
Letcher, 2019), is a serious environmental challenge. China is the
world’s largest CO2 emitter (Le Quéré et al., 2017) and promisesto reduce its CO2 emission per unit of GDP by 18% from the 2015
level, according to the country’s ‘‘13th Five-Year Plan”. China has
a vast territory. To achieve the national goal, provincial administra-
tive regions (hereafter called provinces) need to work together.
Industry, as a dominant factor of the national economy, is a major
energy consumer and source of CO2 emissions (Shan et al., 2018;
Wang et al., 2019). Therefore, studying the CO2 emission character-
istics of the industrial subsectors of each province, as well as their
responsibility to reduce these emissions, is a matter of urgency.
Correct CO2 emission accounting is not only the basis of
analyzing CO2 emission characteristics, but supports identification,
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reduction plans and measures (Schaltegger and Csutora, 2012).
The main accounting methods used by existing studies are life
cycle assessment (LCA; Ji and Chen, 2016; Wang and Chen, 2018;
Kennelly et al., 2019), input–output model (Wang et al., 2018c;
Liu and Fan, 2017; Zhang, 2018; Li et al., 2018), and emission factor
approach (Zhao and Wu, 2018; Fan et al., 2013; Lin and Nelson,
2019; Du et al., 2019a). As a widely used method to quantify the
environmental impact of a given product throughout its entire life
cycle (ISO, 2006), LCA is considered as a promising tool to obtain
potential CO2 emissions (Antón and Díaz, 2014). However, LCA
always leads to truncation errors (Ward et al., 2018) and provides
limited functions in macro-analysis (Antón and Díaz, 2014). Input–
output model is well described, consistent, and can be applied in
direct and indirect CO2 emissions accounting. However, this model
has a high data requirement (Kennelly et al., 2019). Unfortunately,
the input–output tables of China’s provinces have not been
updated for many years. Emission factor approach, which is sup-
ported by the Intergovernmental Panel on Climate Change (IPCC)
and adopted in ‘‘Guidelines for National Greenhouse Gas Invento-
ries,” is an authoritative, reliable and convenient method for mea-
suring CO2 emissions from energy activities (Ma et al., 2019). For
instance, Yang and Liu (2017) applied emission factor approach
to calculate China’s urban household CO2 emissions from commer-
cial energy, such as coal, liquefied petroleum gas (LPG), and gaso-
line in 2015. Wang et al. (2018a) employed emission factor
approach to estimate CO2 emissions generated by transportation
in China from 1990 to 2015. Wang and Jiang (2019) used emission
factor approach to calculate the energy-related CO2 emissions in
China from 2000 to 2014. In summary, emission factor approach
meets the requirements of our study.
Responsibility sharing in CO2 emission reduction is the key to
achieve the national reduction goal at the minimum cost. Some
scholars allocate the total CO2 emission allowances to provinces
(Dong et al., 2018; Yu et al., 2019; Xie et al., 2019) or industrial sec-
tors (Yang et al., 2017; Zhang and Hao, 2017; Zhu et al., 2018) to
clarify their responsibility to reduce CO2 emissions. Others identify
the responsibility by concerning the nexus between economic
growth and CO2 emissions. Environmental Kuznets curve (EKC;
Wang et al., 2017b; Riti et al., 2017) and decoupling model (Luo
et al., 2017; Zhao et al., 2017) are the two general methods (Wu
et al., 2018). Compared with EKC, decoupling model is easier to
understand and operate (Wang et al., 2017a), and provides a
real-time dynamic relationship between economic growth and
pollutant emission (Wang and Yang, 2015). Thus, decoupling
model has received increasing attention in the field of sustainable
development. Wang et al. (2017b) adopted the Tapio model to ana-
lyze the decoupling relationship between economic growth and
CO2 emission of the transportation industry in Jiangsu Province
from 1995 to 2012. Jiang et al. (2018) employed Tapio model to
quantify the decoupling effects of CO2 emissions in China’s six
major sectors from 2000 to 2014. Du et al. (2019b) applied Tapio
decoupling model to investigate the relationship between eco-
nomic growth and CO2 emission from the construction industry
of China’s 30 provinces for the 2005–2015 period. Additionally,
several studies also explored the driving forces of decoupling com-
bined with decomposition method (Zhao et al., 2017; Wang et al.,
2018b).
Numerous province-level decoupling studies have been com-
pleted in China, but evidently, most of them have focused on a
specific industry or a certain province, and systematic comparative
analyses involving multiple provinces and industries are lacking.
Furthermore, existing studies have often targeted major sectors,
such as industry, construction, and manufacturing, and lack in-
depth exploration of other industrial subsectors. This study
attempts to fill certaining gaps identified the literature. Accordingto the CO2 emissions of industrial subsectors in China’s provinces
calculated by the emission factor approach, the CO2 emission char-
acteristics of selected subsectors are discussed from the perspec-
tive of provincial and economic region. The decoupling model
confirmed the responsibility to reduce emissions of provincial-
level industrial subsectors. We aim to produce an efficient guid-
ance and reference to promote the low-carbon economy and sus-
tainable development.
2. Methods and data
2.1. Calculation of CO2 emissions
We used the emission factor approach to calculate CO2 emis-
sions of industrial subsectors in China’s provinces. The function is
shown in Eq. (1):
Cti ¼
Xn
j¼1
EtijFj ð1Þ
where Cit represents the CO2 emissions from the i-th sector in t year,
Eij
t represents the j-th energy consumption of the i-th sector in t
year, and Fj represents the CO2 emission factor of the j-th energy.
According to the China Energy Statistical Yearbook, the types of
energy used to calculate CO2 emissions are raw coal, cleaned coal,
other washed coal, coke, crude oil, gasoline, kerosene, diesel oil,
fuel oil, LPG, refinery gas, natural gas, heat and electricity. Their
CO2 emission factors come from the ‘‘Guidelines for Provincial
Greenhouse Gas Inventories” (Climate Division, National
Development and Reform Commission, China, 2011).
2.2. Determining responsibility to reduce CO2 emissions
2.2.1. Decoupling model
Decoupling theory was first proposed by the Organization for
Economic Co-operation and Development (OECD) in 2002 (OECD,
2002), but the original decoupling model has led to poor stability
of the calculated results due to high sensitivity in the choice of
benchmark years (Zhao et al., 2016; Wu et al., 2018). Tapio decou-
pling model (Tapio, 2005) overcomes the problem with its flexible
incremental analysis. The decoupling elasticity e of CO2 emission
(C) and economic growth (output values, denoted as V) in a certain
industrial subsector of a province can be measured as follows:
e ¼ dC
C0
.dV
V0
ð2Þ
where subscript 0 denotes the base year, and dC and dV represent
the increments of CO2 emissions and output values, respectively,
between the base and target years.
We adopt the judgment presented by Zheng and Zhang (2013)
considering that the output value of China’s industrial subsectors
increased from 2005 to 2014. The decoupling states can be classi-
fied into two categories: decoupling (e  0.5) and coupling
(e > 0.5). Strong decoupling with e < 0 is the most ideal state
because of the implication that the low-carbon economy has been
achieved. By contrast, the greater the value of e, the more CO2 is
emitted per unit of output, which means that the industrial subsec-
tors in coupling state should undertake additional responsibility to
reduce CO2 emissions.
2.2.2. Selection of key industrial subsectors
We count the energy consumption by industrial subsectors
from 2000 to 2014. As shown in Fig. 1, the following 8 sectors con-
sume 80% of the total energy consumption in industry: smelting
and pressing of ferrous metals (hereafter called ferrous metal);
manufacture of raw chemical materials and chemical products
Fig. 1. Energy consumption of industrial subsectors in 2000–2014.
Table 1
Industrial subsectors covered by carbon trading pilot areas.
Area Sub-industry
Beijing Electric and heat power, cement, petrochemical, other
industrial enterprises, service, urban rail transit, bus passenger
transport
Shanghai Steel, petrochemical, chemical, non-ferrous metal, electric
power, building material, textile, paper, rubber, chemical fiber,
etc.
Tianjin Steel, chemical, electric and heat power, petrochemical, oil and
gas production, etc.
Chongqing Industrial enterprises with emissions of 20,000 tons of CO2 in
any year from 2008 to 2012
Hubei Steel, chemical, cement, automobile making, electric power,
non-ferrous metal, glass, paper, etc.
Shenzhen Enterprises with emissions of 3000 tons of CO2 in any year
Guangdong Electric power, steel, petrochemical, cement, civil aviation,
paper
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metal); production and supply of electric power and heat power
(electric and heat power); processing of petroleum, coking and
processing of nuclear fuel (fuel processing); smelting and pressing
of non-ferrous metals (non-ferrous metal); mining and washing of
coal (coal); and manufacture of textile (textile).
The industrial subsectors covered by carbon trading pilot areas
are shown in Table 1. Aside from the eight sectors mentioned,
manufacture of paper and paper products (paper) has received
wide attention.
In summary, we finally select 9 industrial subsectors as the
objects of the study. They are ferrous metal, chemical, nonmetal,
electric and heat power, fuel processing, non-ferrous metal, coal,
textile, and paper.Fig. 2. CO2 proportion of 9 industrial subsectors in 16 provinces.2.3. Data sources
The output values and energy consumption of industrial sub-
sectors are collected from China Energy Statistical Yearbook2006–2015. The study includes 16 provinces in China, namely,
Guangdong, Anhui, Fujian, Jiangxi, Guangxi, Shanxi, Beijing, Tian-
jin, Inner Mongolia, Hubei, Jilin, Guizhou, Chongqing, Xinjiang,
Shaanxi, and Gansu. Others are excluded because of the unavail-
ability of data.3. Results and discussion
3.1. CO2 emission characteristics in provinces
Fig. 2 shows the proportion of CO2 emissions from 9 key indus-
trial subsectors in each province to its total industrial CO2 emis-
sions. In addition to Guangdong, the 9 key sectors in the
remaining provinces have a cumulative proportion of 75%. This
proportion exceeds 90% in 10 provinces, which fully illustrates
the representativeness of the 9 industrial subsectors.
CO2 emissions from the electric and heat power sector are the
highest. As an important livelihood support, the sector contributes
nearly 60% of total industrial CO2 emissions in Beijing and Jilin;
>40% in Anhui and Inner Mongolia; about 20% in most provinces;
and only 7.44% and 5.23% in Guangxi and Tianjin, respectively.
The ferrous metal sector, which mainly includes ironmaking,
steelmaking and ferroalloy smelting, is one of the important raw
material industrial subsectors in China. The sector accounts for
45% of total industrial CO2 emissions in Tianjin; between 20%
and 30% in Gansu Guizhou, Jiangxi, and Guangxi; approximately
10% in most provinces; and <1% in Beijing and Anhui.
The proportion of CO2 emissions from coal sector to total indus-
trial CO2 emissions shows large inter-provincial differences: 30%
in Shaanxi and Anhui, and <1% in Guangdong, Beijing and Fujian.
These results are closely related to coal resource endowment. A
similar situation occurs in the fuel processing sector, which con-
tributes 25% of the total industrial CO2 emissions in Shanxi and
Xinjiang but only <1% in Hubei and Chongqing. The same is true
for the non-ferrous metal sector.
The chemical sector has a relatively balanced proportion (10%)
of CO2 emissions in all provinces. The textile sector and the paper
4 X. Lin et al. / Science of the Total Environment 699 (2020) 134386sector have the least contribution to total industrial CO2 emissions,
but they still have a place in Guangdong and Fujian.
3.2. CO2 emission characteristics in economic regions
According to the division of China’s four economic regions,
Inner Mongolia and Jilin are in Northeast China; Anhui, Jiangxi,
Shanxi, and Hubei are in Central China; Fujian, Guangdong, Beijing,
and Tianjin are in East China; and Guangxi, Guizhou, Chongqing,
Xinjiang, Shaanxi, and Gansu are in West China. Fig. 3 shows the
proportion of CO2 emissions from 9 key industrial subsectors in
each economic region to its total industrial CO2 emissions.
The CO2 emission characteristics of industrial subsectors differ
from one region to another. The textile and paper sectors are clas-
sified as light industries. They have great technical and resource
advantages in East China. As a result, they contribute more CO2
emissions in East China than in other regions. With rich coal
reserves in West and Central China, the coal sector contributes
nearly 13% of total industrial CO2 emissions in these two regions,
but only 0.29% in East China. Owing to the low dependence onFig. 3. CO2 proportion of 9 industrial sfixed resources, the proportions of CO2 emissions from the chemi-
cal, nonmetal and fuel processing sector to total industrial CO2
emissions vary minimally among the four economic regions. The
electric and heat power sector plays a pivotal role in all economic
zones. The sector contributes half of industrial CO2 emissions in
Northeast China and up to 20% in West China. The CO2 emissions
by the non-ferrous metal sector are mainly emitted in West China,
and the ferrous metal sector emits more CO2 in East and West
China.
3.3. Responsibility to reduce CO2 emissions
The decoupling elasticity of industrial subsectors in each pro-
vince and the proportion of their CO2 emissions to total industrial
CO2 emissions in 2014 (hereafter referred to as CO2 proportion) are
shown in Fig. 4. In this study, the industrial subsectors that are in
coupling state and have high CO2 proportion are required to shoul-
der additional responsibility.
The coal sector presents coupling in Anhui, Fujian, Tianjin,
Hubei, Jilin, Gansu, Chongqing, Xinjiang and Shaanxi. In Fujian,ubsectors in 4 economic regions.
Fig. 4. Decoupling elasticity and CO2 proportion of industrial subsectors in provinces.
X. Lin et al. / Science of the Total Environment 699 (2020) 134386 5Tianjin and Hubei, the CO2 proportion of the coal sector is <1%, far
below 30%, 24%, and 40% in Anhui, Chongqing, and Shaanxi, respec-
tively. The rates are 5.8% in Jilin, 2.7% in Xinjiang, and 3.7% in
Gansu. Therefore, Anhui, Chongqing, and Shaanxi are selected as
the first-level key provinces for CO2 emission reduction in coal sec-
tor, and Jilin, Xinjiang, and Gansu are its second-level key
provinces.
The coupling state of the textile sector occurs in Anhui and Bei-
jing. As their CO2 proportion is not high, the two provinces are
selected as the second-level key provinces to strengthen low car-
bon construction in the textile sector.
The paper sector of Jiangxi, Anhui, Guangdong, Chongqing, and
Xinjiang is in a coupling state. Among them, the decoupling elastic-
ity in Jiangxi is particularly high at 5.56. The CO2 proportion in
Guangdong (6.08%) is several times more than the other four pro-
vinces (1.14% in Anhui, 0.91% in Jiangxi, 2.35% in Chongqing, and
1.44% in Xinjiang). After comprehensive consideration, Guangdong
is selected to be the first-level key province to assume a major CO2
reduction responsibility in the paper sector, and Jiangxi, Anhui,
Chongqing, and Xinjiang are the second-level key provinces.
The fuel processing sector presents coupling in Fujian and Xin-
jiang. The decoupling elasticity in Fujian (2.70) is much greater
than that in other provinces, but the CO2 proportion is only 1.8%
in Fujian while that in Xinjiang is as high as 25%. As a result, Xin-
jiang is selected as the first-level key province for CO2 emission
reduction in the fuel processing sector, and Fujian is the second-
level key province.
The coupling state of the chemical sector occurs in Guangdong
and Xinjiang. With the high CO2 proportion in Guangdong (7.2%)and Xinjiang (13.5%), these provinces are both selected as the
first-level key provinces to reduce CO2 emissions in the chemical
sector.
The nonmetal sector shows a unique behavior. It can be
observed from Fig. 4 that all provinces are in a decoupling state,
indicating that the development of the sector is relatively ideal.
Anhui and Beijing present the best decoupling performance with
decoupling elasticity below zero. The nonmetal sector in Anhui
and Beijing achieved economic growth along with the decrease
of CO2 emissions. All industrial subsectors should strive to move
toward such a state.
The ferrous metal sector of Anhui, Fujian, Beijing, Inner Mongo-
lia, and Xinjiang is in coupling state. In Anhui and Beijing, the CO2
proportion of ferrous metal sector is <1% whereas that in Fujian,
Inner Mongolia, and Xinjiang is about 10%. Thus, Fujian, Inner
Mongolia, and Xinjiang are selected as the first-level key provinces
to strengthen low carbon construction in the ferrous metal sector.
The non-ferrous metal sector presents coupling in Anhui, Fujian,
Inner Mongolia, Chongqing, and Xinjiang. Considering the high CO2
proportion of the non-ferrous metal sector in Inner Mongolia
(9.01%), Chongqing (8.07%), and Xinjiang (15.75%), these three pro-
vinces are selected as the first-level key provinces for CO2 emission
reduction in non-ferrous metal sector. The CO2 proportion in Fujian
is relatively low (3.68%), so Fujian is selected as the second-level
key province of the sector. Anhui is not considered because of its
extremely low CO2 proportion (only 0.86%).
The coupling state of the electric and heat power sector occurs
in Anhui, Fujian, and Guangxi. The CO2 proportion of the sector in
these three provinces is 41%, 40%, and 7.4%, respectively. As a
Table 2
Key provinces of each industrial subsector.
Industry First-level key province Second-level key province
Coal Anhui, Chongqing and
Shaanxi
Jilin, Xinjiang and Gansu
Textile / Anhui and Beijing
Paper Guangdong Anhui, Jiangxi, Chongqing
and Xinjiang
Fuel processing Xinjiang Fujian
Chemical Xinjiang and Guangdong /
Nonmetal / /
Ferrous metal Fujian, Inner Mongolia and
Xinjiang
/
Non-ferrous
metal
Inner Mongolia, Chongqing
and Xinjiang
Fujian
Electricity and
heat power
Anhui and Fujian Guangxi
6 X. Lin et al. / Science of the Total Environment 699 (2020) 134386result, Anhui and Fujian are selected as the first-level key provinces
to reduce CO2 emissions from the electric and heat power sector,
and Guangxi is the second-level key province.
Table 2 provides a summary.
Only the industrial subsectors of Shanxi and Guizhou are in a
decoupling state, which means that the overall low-carbon devel-
opment capacity of the two provinces is strong, and their mode
of economic growth is moving toward low-carbon and energy-
saving. Although Shanxi is a major energy consumer, since 2008,
it has undergone large-scale restructuring and shut down many
coal enterprises, thereby resulting in a negative growth of CO2
emissions in recent years. Guizhou is rich in mineral resources,
but its exploitation and utilization are limited by the presence of
mountains. Thus, the CO2 emissions in Guizhou increase slowly,
which is why subsectors in Shanxi and Guizhou exhibit decoupling.
Anhui, Fujian, and Xinjiang have the largest number of indus-
trial subsectors in coupling state. In the past decade, Xinjiang has
developed rapidly supported by the West Development Strategy
in China. Inevitably, the development of high energy-consuming
industries has brought high emissions. Following Shanghai, Zhe-
jiang and Jiangsu, Anhui and Fujian have become the key provinces
with economic growth in East China. As a result, energy consump-
tion is significantly faster, and CO2 emissions increase sharply,
thereby promoting coupling.
We are pleased to find that other provinces have only one or
two industrial subsectors in coupling state, which means that most
of the provincial industrial subsectors are on the road to a low-
carbon economy.4. Conclusions and policy suggestions
Industrial subsectors are the focus of energy conservation and
emission reduction in China. We apply the emission factor
approach to calculate the CO2 emissions of industrial subsectors
in China’s provinces during the 2005–2014 period. The conclusions
on CO2 emission characteristics are as follows: (1) The sum of CO2
emissions from these nine industrial subsectors (including ferrous
metal, chemical, nonmetal, electric and heat power, fuel process-
ing, non-ferrous metal, coal, textile, and paper) accounts for an
average of 87.5% of the total industrial CO2 emissions in the pro-
vinces. (2) The electric and heat power sector has the largest aver-
age contribution to the total industrial CO2 emissions of provinces,
at 29.1%, while the textile sector has the smallest, only 0.8%. (3)
From the perspective of economic regions, the electric and heat
power sector remains the major CO2 emitter, but the sector with
the least CO2 emissions is different in each region, such as the tex-
tile sector in Northeast and West China, the paper sector in Central
China, and the coal sector in East China. (4) The CO2 proportion ofmost industrial subsectors presents huge inter-provincial and
inter-regional differences.
To promote a low-carbon economy and achieve the goal of
national CO2 emission reduction, we identified the reduction
responsibility of industrial subsectors in provinces by considering
the nexus between their economic growth and CO2 emissions.
The decoupling model was employed and the conclusions are as
follows: (1) The development of the low-carbon economy in the
nonmetal sector is ideal. (2) The CO2 emission reduction pressure
of textile, fuel processing, and chemical is mainly concentrated in
2 provinces. And CO2 reduction in the coal, paper, ferrous metal,
and electric and heat power sector needs the joint efforts of 3–5
provinces. (3) The economic growth in Shanxi and Guizhou is mov-
ing toward low-carbon and energy-saving mode. Other provinces
can properly refer to their experience to achieve continuous
improvement in decoupling. (4) Anhui, Fujian, Xinjiang and
Chongqing need to undertake the major CO2 emission reduction
responsibility of 3–5 industrial subsectors. The economic growth
of these four provinces is achieved at the cost of excessive CO2
emission, and the various CO2 reduction plans have not achieved
their designated goals. (5) The other 10 provinces (Guangdong,
Jiangxi, Guangxi, Beijing, Tianjin, Inner Mongolia, Jilin, Hubei,
Shaanxi, and Gansu) need to focus on CO2 reduction in 1 or 2
sectors.
Given the preceding conclusions, we propose the following pol-
icy recommendations.
At the national level, attention must be paid to reducing CO2
emissions in the electric and heat power sector, which is proved
to be the major industrial CO2 emitter. Promoting the development
and deployment of new nuclear technologies is an effective way to
reduce CO2. Setting mechanisms and incentives to support large-
scale dissemination of centralized solar thermal power generation
and photovoltaic technologies is critical (Grande-Acosta and Islas-
Samperio, 2017). In management, the implementation of large and
seasonal storage capacity also makes sense (Lamont, 2019). Note
that the national carbon emission trading system, with the electric
and heat power sector as a breakthrough, was officially launched in
2017. We recommend that the energy trading system that focuses
on source control be included in the agenda for good cooperation.
At the provincial level, Shanxi and Guizhou need to maintain
the continuous and strong policy enforcement in developing a
low-carbon economy. Other provinces have to propose the specific
emission reduction plans and phase-in targets for the industrial
subsectors selected by our study, and formulate appropriate CO2
emission reduction measures according to the characteristics of
various sectors. For energy-dependent sectors, such as coal pro-
cessing, optimizing the energy structure has only a slight positive
effect on the reduction of CO2 emissions because the dominant
position of coal will not change in the short term. Therefore, the
focus should be on technical innovation. For light sectors, such as
paper manufacturing, the recovery of the energy from biomass loss
will help reduce net CO2 emissions (Wang et al., 2016), and the
advanced technology and scientific management can minimize
CO2 emissions in the production process.Declaration of Competing Interest
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